ABSTRACT: In recent years, photoredox catalysis has come to the forefront in organic chemistry as a powerful strategy for the activation of small molecules. In a general sense, these approaches rely on the ability of metal complexes and organic dyes to convert visible light into chemical energy by engaging in single-electron transfer with organic substrates, thereby generating reactive intermediates. In this Perspective, we highlight the unique ability of photoredox catalysis to expedite the development of completely new reaction mechanisms, with particular emphasis placed on multicatalytic strategies that enable the construction of challenging carbon−carbon and carbon− heteroatom bonds.
■ INTRODUCTION
Over the last century, the discovery, development, and use of light-mediated catalysis has enabled the invention of a wide variety of nontraditional bond constructions in organic chemistry. More recently, the field of photocatalysis has undergone a significant renaissance, and once again, a series of new activation modes have in turn seeded a large variety of new bond-forming protocols and synthetic methodologies. 1 Photocatalysis, the field, encompasses an ever-increasing number of generic activation modes in which photonic energy is selectively targeted to a specifically designed photonabsorbing catalyst (a photocatalyst) which, upon excitation, is able to induce an accompanying substrate, reagent, or secondary catalyst to participate in unique reaction pathways that were previously unattainable under thermal control. The most common mechanisms by which photocatalysts are able to convert light into chemical energy and at the same time perform selective molecule activation include (i) energy transfer, (ii) organometallic excitation, (iii) light-induced atom transfer, and (iv) photoredox catalysis, all of which will be discussed in detail in this special issue. For the purposes of this Perspective, however, we will focus our discussion only on the impact and utility of photoredox catalysis as applied to organic synthesis. First, we will examine the utility of photoredox catalysis from a historical viewpoint, and thereafter, we will discuss the remarkable recent impact of this area on the field of organic reaction invention and its application in both industrial and academic settings. As the coverage of this paper cannot be (and is not intended to be) comprehensive, particular emphasis has been placed on reports that demonstrate the unique characteristics of photoredox catalysis and at the same time the truly novel nature of the accompanying reactions it can deliver.
Over the last four decades, photoredox catalysis has found widespread application in the fields of water splitting, 2 carbon dioxide reduction, 3 and the development of novel solar cell materials; 4 however, only recently has the potential of applying this catalytic platform to organic synthesis begun to be fully realized. A key factor in the recent yet rapid growth of this activation platform has been the recognition that readily accessible metal polypyridyl complexes and organic dyes can facilitate the conversion of visible light into chemical energy under exceptionally mild conditions. Upon excitation, these molecules can engage in single-electron transfer (SET) events with organic (and organometallic) substrates, providing facile access to open-shell reactive species. 5 Here, irradiation with visible light, at wavelengths where common organic molecules do not absorb, effects selective excitation of the photoredox catalyst. The resultant excited species can act as both a strong oxidant and a strong reductant simultaneously, thereby providing access to a reaction environment that is unique for organic chemistry (Figure 1 ). Indeed, this electronic duality contrasts directly with traditional redox reaction manifolds (e.g., electrochemistry) wherein the reaction medium can be either oxidative or reductive (but not both) and, in turn, provides access to previously inaccessible redox-neutral reaction platforms.
Recent advances in modern photoredox catalysis have enabled the development of a wide array of novel synthetic methodologies. Unprecedented forms of new reactivity are often observed with photoredox catalysis in comparison with traditional reaction manifolds, a feature that can be attributed to both the aforementioned ability of photoredox catalysts to act as both an oxidant and reductant simultaneously in their excited states and their capacity to convert visible light into significant levels of chemical energy (e.g., the triplet state of Ir(ppy) 3 is 56 kcal mol −1 above the ground state). 6 The combination of these capabilities has wide-reaching implications for the design of new synthetic transformations and provides the opportunity to access previously elusive or unknown mechanistic pathways.
Moreover, the development of multicatalytic strategies incorporating photoredox catalysis with a secondary catalyst system has gained significant attention as multisubstrate activation can be achieved when two discrete catalytic platforms are successfully interfaced. In this Perspective, we aim to highlight reports that demonstrate the unique aspects of photoredox catalysis and, in particular, emphasize novel bond disconnections and technologies which we anticipate will be broadly applicable in academic and industrial settings.
■ EARLY WORK
The first applications of photoredox catalysis to organic synthesis were reported almost 40 years ago, and these seminal publications laid the foundations for the recent developments in the field of modern photoredox catalysis. In 1978, Kellogg demonstrated that the photomediated reduction of sulfonium ions to the corresponding alkanes and thioethers, using Nsubstituted 1,4-dihydropyridines as the terminal reductant, could be accelerated by addition of a catalytic amount of [Ru(bpy) 3 ]Cl 2 (Scheme 1a).
7 Subsequent reports by Fukuzumi and Tanaka 8 and Pac 9 established that similar [Ru(bpy) 3 ]Cl 2 − dihydropyridine catalyst systems could facilitate the reduction of a wide range of organic substrates, including electrondeficient olefins, aromatic ketones, and benzylic and phenacyl halides.
In 1984, Cano-Yelo and Deronzier reported the first net oxidative photoredox-catalyzed reaction using aryldiazonium salts as the terminal oxidant for the conversion of benzylic alcohols to the corresponding aldehydes. 10 Shortly after, they disclosed the first redox-neutral photoredox-catalyzed transformation. 11 Here, it was found that the Pschorr reaction could be catalyzed by [Ru(bpy) 3 ]Cl 2 , resulting in a quantitative yield of the phenanthrene product (Scheme 1b). Notably, it was observed that the reaction proceeded with much higher quantum efficiency under photoredox catalysis conditions compared with direct photolysis of the reaction mixture.
Pioneering studies by Okada and co-workers demonstrated that N-(acyloxy)phthalimides, which can be readily prepared from the corresponding carboxylic acid, could be used as a convenient source of alkyl radicals. Following single-electron reduction, the redox-active ester fragments to deliver phthalimide (after protonation), carbon dioxide, and the corresponding carbon-centered radical. In the initial report from Okada regarding visible light-mediated fragmentation, the generated C-centered radicals engaged in conjugate additions with Michael acceptors. 12 Okada demonstrated that alkyl radicals formed via reductive fragmentation of redox-active esters could be utilized in a variety of transformations, including chlorination, phenylselenenylation, and hydrogen atom abstraction from tert-butyl thiol to furnish the fully reduced alkane 
Scheme 1. Seminal Contributions to Organic Photoredox Catalysis
The Journal of Organic Chemistry Perspective (Scheme 1c). 13 The strategy outlined in this series of reports represents the first general photoredox-mediated mode of substrate activation. Despite this early demonstration of the potential of photoredox catalysis for application to organic synthesis, the area remained relatively underappreciated by the broader community until the late 2000s.
In 2008, Yoon and co-workers disclosed a photoredoxcatalyzed intramolecular [2 + 2] enone cycloaddition reaction (Scheme 2a). 14 In this seminal study, a Lewis acid additive was employed to modulate the reactivity of the enone substrate, demonstrating the beneficial effect of combining two activation modes in one sequence. At the same time, our laboratory developed a dual photoredox organocatalytic protocol for the enantioselective α-alkylation of aldehydes (Scheme 2b). 15 This reaction exploited the unique properties of photoredox catalysis to generate electron-deficient radicals that can combine with catalytically generated enamines in a highly enantioselective fashion, thereby providing one solution to the long-standing asymmetric α-carbonyl alkylation challenge. Shortly afterward, Stephenson and co-workers reported a mild reductive dehalogenation protocol for benzylic and α-acyl halides (Scheme 2c). 16 Importantly, under photoredox-catalyzed conditions, this transformation could be conducted without the use of toxic tin reagents. These three reports collectively underscored the potential of this mode of activation as a valuable catalysis platform for organic reaction development and helped reinitiate a significant growth in the field of photoredox catalysis. Since these early reports, a wide range of Rh and Ir polypyridyl complexes, as well as various organic dyes, have been demonstrated as efficient catalysts for the conversion of visible light to chemical energy (Figure 2 ). In this regard, the ability to tune the properties of such metal complexes through modification of the ligand backbone has significantly expanded the repetoire of synthetic transformations that can be accomplished using photoredox catalysis, thereby enhancing further interest in the field. Indeed, as demonstrated in Figure 3 , there has been an exponential increase in the number of publications that employ photoredox catalysis since the late 2000s, 17 giving rise to a diverse and highly active field of research that continues at the present time.
■ AMINE α-FUNCTIONALIZATION
Nitrogen heterocycles represent a privileged motif in natural products and biologically active compounds, 18 as such synthetic chemists have long focused their efforts on the functionalization and construction of these important ring systems. In this regard, developments in the field of photoredox catalysis have delivered a wide array of synthetic strategies for site selective α-functionalization of amines. Founded upon early work from the Stephenson group, who disclosed a photoredox-catalyzed azaHenry reaction in 2010 (Scheme 3), 19 a general oxidative activation mode has arisen for N-arylamines. In these transformations, reductive quenching of the excited state of the photocatalyst by an amine (1) generates an amine radical cation (2). Following this step, the α-amino C−H bonds become relatively acidic and can be readily removed by a weak base to generate an α-amino radical. 20 Subsequently, this radical can be oxidized to an iminium ion (3), a step in which a wide variety of terminal oxidants have been shown to be competent. An alternate mechanistic pathway is presented in Scheme 3, wherein amine radical cation 2 undergoes α-amino C−H abstraction by a radical anion (arising via reduction of an oxidant by the photocatalyst) to generate the same iminium species (3). In the initial report by Stephenson, the resultant electrophilic iminium ions were trapped with nitroalkanes to deliver the corresponding α-functionalized products. This strategy has proven general for a wide range of nucleophilic coupling partners including malonates, 21 cyanide, 22 trifluoromethyl anion, 22 electron-rich aromatics, 23 and phosphonates 24 in addition to tethered amines and alcohols which forge the corresponding heterocycles via intramolecular cyclization 25 (Scheme 3). The synergistic merger of this N-arylamine activation mode with other catalytic platforms has also been accomplished. In these protocols, in situ generation of the nucleophilic coupling partner is generally mediated by the second catalytic system (Scheme 4). For example, Rueping and co-workers reported a photoredox proline-catalyzed Mannich reaction, wherein catalytic generation of the iminium ion and an enamine precedes formation of the desired carbon−carbon bond. 26 Along similar lines, Rovis reported an organocatalytic asymmetric iminium acylation protocol wherein in situ generation of a Breslow-type intermediate was accomplished using a chiral N-heterocyclic carbene catalyst (4) . 27 Subsequent trapping of the electrophilic iminium ion with this catalytic intermediate resulted in formation of the α-amino ketone products with high levels of enantioselectivity. Stephenson and Jacobsen demonstrated that the outlined N-arylamine activation mode could also be used in conjunction with anionbinding catalysis. By employing a ruthenium photoredox catalyst and chiral thiourea 5, the authors were able to effect a two-step asymmetric Mukaiyama Mannich reaction. 28 In this reaction, the identity of both the oxidant and the photocatalyst counterion were key to achieving a highly enantioselective transformation. This effect was attributed to binding of the thiourea catalyst to the tightly associated halide counterion of the prochiral iminium ion, which consequently provides the
Scheme 2. Advent of Modern Organic Photoredox Catalysis
The Journal of Organic Chemistry Perspective desired enantiofacial discrimination in the nucleophilic addition step. In addition to the outlined protocols merging organocatalysis with this activation mode, Rueping has shown that catalytically generated copper acetylides can also undergo addition to electrophilic iminium ions, demonstrating the feasibility of merging this activation mode with transition metal catalysis (vide infra).
■ REDOX-NEUTRAL AMINE α-FUNCTIONALIZATION
In a complementary approach to the outlined oxidative amine functionalization platform, several groups have targeted the development of redox-neutral transformations wherein the initially generated nucleophilic α-amino radical (6) is trapped directly. In 2011, our laboratory reported a protocol for the direct arylation of α-amino C−H bonds using cyanoarenes as the coupling partner (Scheme 5). 30 In the proposed mechanism, initial reduction of the cyanoarene coupling partner by the highly reducing excited state of Ir(ppy) 3 generates radical anion 7 and the Ir(IV) state of the photocatalyst. The Ir(IV) species can readily oxidize Narylamines, and the resulting radical cation (8) can then be deprotonated by a weak base to generate the α-amino radical (6) . Radical−radical coupling between the long-lived persistent cyanoarene radical anion 7 and the transient α-amino radical 6, followed by elimination of cyanide, generates the benzylic amine products in a highly efficient manner. This general protocol is applicable to a wide range of arenes and heteroarenes, including pharmaceutically relevant five-membered heteroarenes, a class of compounds that are typically difficult to introduce via conventional coupling technologies.
Subsequently, the Nishibayashi group reported a mechanistically similar reaction for the synthesis of aminals (Scheme 6a). 31 Here, radical−radical coupling reactions occur between α-amino radicals and the radical anion derived from singleelectron reduction of di-tert-butyl azodicarboxylate. Following on from early work by Reiser and Pandey (Scheme 6b), the Rueping, Yoon, and Nishibayashi groups independently reported protocols for redox-neutral α-alkylations of Narylamines. 32 In these protocols, the nucleophilic α-amino radical is intercepted by a Michael acceptor, which upon reduction of the resultant α-acyl radical results in formation of the alkylated product. Elegant work from the Yoon and 
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Perspective Melchiorre groups has subsequently demonstrated that by using a chiral Lewis acid or organocatalyst respectively, these transformations can be rendered asymmetric (vide infra). 33, 34 Recent reports from our laboratory, Sammis, and others have demonstrated that C-centered radicals can also be accessed from carboxylic acid precursors through the use of photoredox catalysis. Here, oxidation of the corresponding carboxylate results in extrusion of CO 2 to deliver the desired alkyl radical species. The compatibility of this activation mode with amino acid derivatives enables facile access to α-amino radicals. This mode of radical generation is highly attractive as the carboxylic acid precursors are readily available, bench-stable compounds. In addition, a wide range of α-amino, α-oxy, benzylic, and simple alkyl radicals can be accessed using this strategy, with the carboxylic acid acting as a traceless activation handle. As a result, carboxylic acids have been exploited in a variety of redoxneutral transformations including decarboxylative fluorinations, 35 vinylations, 36 alkynylations, 37 and conjugate additions 38 as well as enabling hydrodecarboxylation 39 and radical−radical coupling reactions (Scheme 7). 40 Synthetic chemists have rapidly adopted the strategies discussed in this section as functionalized amine products are valuable pharmacophores.
Several extensive reviews on photoredox-mediated amine functionalization have been published.
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■ DUAL PHOTOREDOX CATALYSIS PLATFORMS
In recent years, many research groups have focused on developing dual catalytic methodologies, which combine photoredox with a second catalytic activation mode. One of the unique aspects of photoredox catalysis is the ability to have both an oxidant and a reductant present in the reaction medium at the same moment. In dual catalytic systems, this characteristic can be particularly significant as turnover of the interdependent catalytic cycles can often rely on modulation of the oxidation states of transiently generated catalytic intermediates. Indeed, this intercycle reliance can prevent the generation of excess quantities of highly reactive species, an attractive mechanistic feature that is often overlooked in these redox-neutral processes. In the following sections, we highlight several catalytic activation modes that have been successfully interfaced with a number of photoredox mechanisms: namely organocatalysis, transition metal catalysis, and Lewis acid catalysis.
■ DUAL PHOTOREDOX ORGANOCATALYSIS:
COVALENT ACTIVATION MODES In our laboratory's initial report involving light-mediated activation, we outlined a novel dual photoredox organocatalysis strategy which enabled the enantioselective α-alkylation of aldehydes with α-bromo carbonyls (Scheme 8). 15 Here, the combination of enamine and photoredox catalysis enables simultaneous generation of a chiral enamine intermediate and a highly reactive electrophilic radical species in an overall redoxneutral manner. In this transformation, we proposed that in situ condensation of chiral secondary amine organocatalyst 9 with an aldehyde delivers nucleophilic enamine 10. Subsequently, enamine 10 can react in a highly enantioselective fashion with electrophilic radical 16, generated via single-electron reduction of an activated alkyl halide by a Ru(I) photocatalyst (15) , to deliver α-amino radical 11. Intermediate 11 can be oxidized by the excited state of the Ru(II) photocatalyst (14) , and finally, hydrolysis of the resultant iminium ion (12) closes the organocatalytic cycle. Since this initial publication, our laboratory has been able to expand this mechanistic platform to a wide range of asymmetric α-functionalization reactions including trifluoromethylation, 42 benzylation, 43 and cyanoalkylation (Scheme 8). 44 Additionally, a photomediated protocol for the α-amination of aldehydes was developed via the use of a photolabile group on the amine radical precursor. 45 Notably, in all these cases the mild reaction conditions allow stereocenters that are often susceptible to racemization to be generated in an enantioselective fashion. Following on from these reports, several other research groups have demonstrated the successful merger of enamine and photoredox catalysis. Luo and coworkers have developed a protocol for highly enantioselective α-alkylations of 1,3-dicarbonyls using a primary amine organocatalyst, thereby providing entry to enantioenriched quaternary stereocenters. 46 Moreover, several other groups have demonstrated that iron polypyridyl complexes and certain organic dyes can be used in place of ruthenium-and iridiumbased photocatalysts in these reactions. 47 The merger of photoredox catalysis with other organocatalytic activation modes has expanded the repertoire of carbon−carbon and carbon−heteroatom bond-forming reactions that can be accomplished using this dual catalytic strategy. Recently, Melchiorre and co-workers were able to elegantly leverage the long-established LUMO lowering strategy of iminium catalysis to develop asymmetric conjugate additions of α-amino radicals, derived from N-arylamines, to α,β-unsaturated ketones (Scheme 9). 34 A key challenge in the development of radical conjugate additions to iminium ions is the propensity for the radical cation intermediates (such as 18) to undergo β-scission to regenerate the iminium species (i.e., 17). 48 To overcome this issue, chiral primary amine catalyst 20 was employed wherein rapid intramolecular electron transfer between the electron-rich carbazole and the α-iminyl radical cation functionality of 18 occurs, thereby delivering the corresponding enamine and precluding an undesirable β-scission event. Tautomerization to imine 19 thereafter impedes back-electron transfer, and consequently, this electron-relay strategy allows intermediate 18 to be rapidly converted to a homolytically stable product (19). The outlined photoredox iminium dual catalysis platform enables challenging quaternary carbon stereocenters to be constructed in a highly enantioselective manner.
In 2007, a novel organocatalytic activation mode was introduced by our laboratory that enables enantioselective α-carbonyl functionalizations to be accomplished via trapping of a transiently generated electrophilic 3π-electron SOMO intermediate (21, Scheme 10). 49 In these initial reports, the SOMO species was formed via single-electron oxidation of an enamine using stoichiometric oxidants. Koike and Akita demonstrated that photoredox catalysis can mediate the generation of the requisite SOMO species in the context of a catalytic α-oxygenation of aldehydes. 50 Here, the radical cation species undergoes radical−radical coupling with persistent radical TEMPO to furnish the α-oxygenated product.
Expanding on the established 3π-electron SOMO activation platform, we recently demonstrated that 5π-electron β-enaminyl radical intermediates 22 can be accessed via β-deprotonation of SOMO radical cation species 21. Through the merger of organocatalysis and photoredox catalysis, this novel oxidative activation mode was combined with the previously reported strategy for reductive generation of persistent aryl radical anions (i.e., 7, see Scheme 5) to enable selective redoxneutral radical−radical coupling reactions to be accomplished. 51 While catalytic intermediates such as enamines (i.e., 10, see Scheme 8) and radical cations (21) provide access to α-functionalized carbonyl products, a well-established reaction manifold, enaminyl radicals 22 offer direct access to β-functionalized carbonyl adducts. Prior to this report, strategies for direct β-functionalization of saturated carbonyl compounds were rare, and as demonstrated by our subsequent reports (vide infra), this activation mode provides a general strategy for developing elusive β-functionalization protocols. Furthermore, when chiral amine catalyst 23 was employed, enantioenriched β-arylated cyclohexanones were formed, thereby establishing the feasibility of developing asymmetric radical−radical coupling reactions. This result challenged the long-standing belief that catalytic asymmetric radical−radical couplings are unattainable due to the disordered nature of and long partial bonds present in the transition state.
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The outlined β-enaminyl radical activation strategy has been extended to couplings with catalytically generated ketyl (from ketones) and α-amino (from imines) radicals to accomplish formal β-aldol and β-Mannich reactions, respectively (Scheme 10). 53, 54 In addition, we have demonstrated that nucleophilic radical 22 can be trapped by closed-shell electrophiles, such as Michael acceptors, to generate β-alkylated aldehydes in good yield. 55 During the development of these transformations, the use of DABCO as base was identified as key for achieving high efficiencies. Mechanistic studies indicated that DABCO could also be functioning as an electron transfer agent and facilitating oxidation of the in situ generated enamine. Alternatively, the oxidized DABCO radical cation could undergo a hydrogenatom transfer event with the enamine to generate radical 22 directly. Control experiments highlighted the importance of DABCO; excluding this reagent from three-component β-Mannich reactions resulted in the formation of traditional Mannich products. However, in the presence of DABCO, exclusive formation of β-functionalized products was observed.
■ DUAL PHOTOREDOX ORGANOCATALYSIS:
NONCOVALENT INTERACTIONS As highlighted in the previous section, photoredox-mediated methodologies that exploit covalent organocatalytic activation modes can access unique reactivity and, importantly, the covalently bound catalysts can confer high levels of stereocontrol in these transformations. Catalysts that coordinate with the substrate through noncovalent interactions can also exhibit precise control over the efficiency and/or enantioselectivity of the corresponding reaction and a number of key dual catalytic examples are discussed below. It should be noted that elegant work from Yoon, Stephenson, and Jacobsen, in the areas of Lewis acid and thiourea catalysis, respectively, are discussed elsewhere in this Perspective.
Seminal studies from Ooi and co-workers described a unique mechanistic pathway for the highly enantioselective synthesis of diamines from N-sulfonylaldimines and N-arylaminomethanes (Scheme 11). 56 The key radical−radical coupling step was rendered asymmetric via the formation of a chiral ion pair consisting of the prochiral radical anion, resulting from singleelectron reduction of a N-sulfonylaldimine, and a chiral aminophosphonium ion (24) . Here, chiral ion 24 governs the enantiofacial approach of the oxidatively generated N-aryl α-amino radical. While previous work from our laboratory demonstrated that asymmetric radical−radical coupling reactions were viable (see Scheme 10), 51 the protocol outlined in Scheme 11 represents the first example of an asymmetric radical−radical coupling reaction with useful levels of enantiocontrol (see Scheme 32d for another recent example). Challenging carbon−carbon bond-forming reactions between sterically congested C(sp 3 )−centers can also be achieved using radical−radical coupling platforms. 51, 53, 54 Indeed, the recent catalytic strategy outlined by Ooi 56 raises the exciting prospect of a general and enantioselective approach to these sterically encumbered systems.
Pioneering studies by the Knowles group have demonstrated the applicability of proton-coupled electron transfer (PCET) to organic synthesis through the development of a number of distinct catalytic transformations. Here, PCET-mediated radical generation can be accomplished under visible light irradiation using dual photoredox hydrogen bonding catalyst systems. Multisite PCET can be defined as the concomitant transfer of a proton and an electron to or from two independent donor/ acceptor molecules. 57 The concerted nature of these events offers the opportunity to access radical species that would be kinetically inaccessible via sequential proton and electron transfer steps. In addition, the Knowles group have demonstrated that, through modulation of the properties of the separate proton and electron donor/acceptor catalysts, mild conditions can be used to effect selective homolytic cleavage of strong bonds in the presence of much weaker bonds.
In a seminal publication from Knowles, the development of ketyl radical cyclizations was reported based on a reductive PCET manifold, wherein aryl ketones could be reduced to the corresponding ketyl radical through the cooperative action of a photoredox catalyst and a phosphate H-bond donor (Scheme 12). The ketyl intermediate (i.e., 25) can subsequently cyclize onto a pendant electron-deficient olefin to give an α-acyl radical, which can then abstract a hydrogen atom from 2-phenyldihydrobenzothaizoline (BT) to furnish the cyclized product (Scheme 12a). 58 In a subsequent report, Knowles and co-workers demonstrated that this net-reductive strategy could be used to effect an asymmetric intramolecular aza-pinacol Scheme 11. Enantioselective Radical−Radical Couplings Utilizing a Chiral Brønsted Acid Co-catalyst
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Perspective reaction through the use of chiral phosphoric acid catalyst 26 (Scheme 12b). To achieve asymmetric induction, chiral catalyst 26 must remain tightly associated with ketyl radical 25 during the key carbon−carbon bond-forming step. Indeed, under the conditions outlined in Scheme 12b, the cyclic 1,2-amino alcohol products were generated in an efficient and highly enantioselective manner. 59 In a further demonstration of the utility of PCET, the Knowles group has shown that amidyl radicals can be oxidatively generated from the corresponding amides through the homolytic cleavage of the strong N−H bond (BDFE = 110 kcal mol −1 ) (Scheme 13). The highly electrophilic amidyl radical (27) can then cyclize onto a pendant alkene to generate a new nucleophilic C-centered radical (28) . This radical can then either be trapped by a Michael acceptor, yielding the product of net carboamination of the alkene, 60 or undergo a hydrogen atom transfer event with thiophenol, thereby furnishing the hydroamination product. 61 
■ DUAL PHOTOREDOX ORGANOCATALYSIS:
HYDROGEN ATOM TRANSFER Hydrogen atom transfer (HAT) has been of long-standing interest in organic free radical chemistry. 62 Several groups have exploited HAT catalysts for the development of synthetically valuable photoredox-catalyzed transformations. In general, electron transfer between a photocatalyst and an organic substrate generates a reactive open-shell intermediate, which after participating in the desired chemistry must be converted back to a closed-shell species. In the absence of an additional catalyst, this second electron transfer event can be challenging. Seminal work from the Nicewicz group demonstrated that open-shell intermediates, which do not readily interact with the photocatalyst directly, could be converted to closed-shell products via hydrogen atom transfer with 2-phenylmalonitrile. In their initial report, hydroetherification of alkenols was achieved using a dual photoredox HAT strategy. 63 Here, organic dye 9-mesityl-10-methylacridinium perchlorate ([MesAcr]ClO 4 ), which possesses a highly oxidizing excited state (29) , undergoes single-electron transfer with alkene 31 to deliver the corresponding radical cation 32 (Scheme 14). This highly electrophilic species is then primed to intercept a wide range of nucleophiles, and in the case of alcohol-tethered radical cation 32, radical 33 is generated. Reduction of the carbon-centered radical (33) with photocatalyst 30 cannot readily occur, and as such, the reaction proceeds with low efficiency. However, when an additional single-electron redox mediator such as catalyst 34 is present, radical 33 can undergo a HAT event to deliver the tetrahydrofuran product. Moreover, the 2-phenylmalonitrile radical (35) formed during this process can be readily reduced by photocatalyst 30, thereby closing the photoredox cycle and generating anion 36. Finally, protonation of 36 regenerates the HAT catalyst (34) and closes the organocatalytic cycle. Notably, intramolecular cyclization of the pendant alcohol yields the product of anti-Markovnikov hydroetherification, a challenging transformation using traditional organic methods.
The Nicewicz group has subsequently extended this photoredox HAT strategy to enable the development of a range of alkene functionalization protocols using either 2-phenylmalonitrile or thiophenol derivatives as the HAT catalyst, in conjunction with the aforementioned mesityl acridinium photocatalyst. In many cases, thiophenol catalysts proved superior due to the faster rate of HAT between carboncentered radicals and thiols. As shown in Scheme 14, these transformations include intermolecular hydroacetoxylation, 64 intra-and intermolecular hydroamination, 65 a range of novel polar radical crossover cycloadditions, 66 as well as a method for the direct anti-Markovnikov addition of mineral acids to styrenes. 67 Nicewicz has also utilized this catalytic strategy, wherein a HAT event returns open-shell intermediates to a closed-shell species, in several mechanistically distinct transformations. Following on from earlier work from Fukuzumi and co-workers on the photocatalytic C−H fluorination and oxygenation of arene C−H bonds, 68 Nicewicz reported a protocol for the oxidative amination of C−H bonds of electron-rich arenes using catalytic TEMPO as the HAT catalyst with oxygen as the terminal oxidant (Scheme 15). 69 Here, oxidation of the 72 groups independently reported methods for hydrotrifluoromethylation of alkenes. In both of these reports, addition of trifluoromethyl radical to the alkene is followed by a HAT event to furnish the trifluoromethylated products. In the report by Gouverneur and co-workers, the trifluoromethyl radical is generated by reduction of Umemoto's reagent and, upon addition to the alkene, the resulting C-centered radical undergoes a HAT event with methanol, the reaction solvent (Scheme 16a). In the Nicewicz report, the trifluoromethyl radical is generated by single-electron oxidation of Langlois's reagent. Here, stoichiometric thiophenol (for styrenes) or catalytic methyl thiosalicylate (for aliphatic alkenes) were employed as HAT catalysts. In this latter case it is postulated that HAT from the trifluoroethanol (TFE) medium may also be occurring as low turnovers were observed in the absence of TFE (Scheme 16b).
Our laboratory has developed a photoredox HAT catalysis platform, wherein light-mediated generation of radical HAT catalysts (first described by Roberts and co-workers using conventional radical generation protocols) 73 enables functionalization of a wide range of C−H bonds. In 2014, we reported that a thiol catalyst, methyl thioglycolate (39), could be used to active the C−H bonds of benzylic ethers when in the presence of a photoredox catalyst and visible light. Generation of the active thiyl radical HAT catalyst (40) could occur via PCET from the parent thiol (39), or alternatively, deprotonation to the thiolate could be followed by a separate oxidation event. The thiyl radical (40) can readily abstract hydrogen atoms from benzylic ethers to generate the corresponding C-centered The Journal of Organic Chemistry Perspective radical (41). In our initial report, we demonstrated that radical 41 could subsequently engage in a radical−radical coupling event with the reduced form of electron-deficient cyanoarenes to deliver benzhydryl ethers (Scheme 17a). 74 We have subsequently expanded this catalytic strategy to the development of intermolecular aza-pinacol reactions wherein the transient benzylic radical 41 is coupled with a persistent α-amino radical, generated via single-electron reduction of an imine, to furnish vicinal amino ether products. 75 This strategy is complementary to the previously discussed radical−radical α-arylation of amines (see Scheme 5) as, in this scenario, oxidation of the HAT catalyst rather than the substrate is required. As a result, HAT catalysis enables direct functionalization of substrates that are not readily oxidized by typical photoredox catalysts. Moreover, by modification of the thiol catalyst, we have shown this strategy can also be applied to the functionalization of allylic C−H bonds (Scheme 17b). 76 By employing a similar photoredox HAT strategy, we have developed a protocol for the direct alkylation of heteroarenes using simple alcohols as the alkylating agent (Scheme 18a). 77 Thiyl radical 43, generated by oxidation of a thiolate or PCET from thiol 42, can abstract a hydrogen atom from alcohol 44 to generate an α-hydroxy radical (45) . This highly nucleophilic radical (45) can then add to protonated heteroarenes (46) in an analogous fashion to the classic Minisci reaction. 78 The resultant open-shell species (47) is then deprotonated and subsequently undergoes spin-center shift (SCS) to cleave the C−O bond and eliminate water. Finally, electrophilic radical 48 can be reduced by the excited photocatalyst and protonated to furnish the alkylated heteroarene. Inspiration for the design of the key spin-center shift step in this alkylation protocol was taken from a commonly occurring biological phenomenon wherein conversion of ribose to deoxyribose, a vital step in DNA biosynthesis, occurs via an analogous radical-mediated elimination event. 79 As a result of our long-standing interest in the exploitation of native functionality as a handle for synthetic elaboration, we have recently focused on examining HAT catalysts that have the capacity to activate strong C−H bonds. To this end, bicyclic tertiary amines such as quinuclidine have been examined as the N−H bond formed during the HAT event is considerably stronger than the S−H bond of the previously discussed thiol catalysts. 80 By leveraging photoredox, HAT, and hydrogen bonding catalysis, our laboratory has successfully developed a strategy for the selective alkylation of α-hydroxy C−H bonds with Michael acceptors (Scheme 18b). 81 In this protocol, both a quinuclidine HAT catalyst and a phosphate hydrogen bonding catalyst are required in order to achieve selective functionalization of α-hydroxy C−H bonds over other weaker C−H bonds. Here, a hydrogen bonding interaction between the phosphate and the alcohol induces a drastic weakening of the α-hydroxy C−H bonds and, in addition, increases the hydricity of the C−H bonds. 82 As a result, the highly electrophilic radical cation (49) , formed via oxidation of quinuclidine, can readily abstract an activated α-hydroxy C−H bond. The resultant α-hydroxy radical is highly nucleophilic and is readily trapped by electron-deficient alkenes to ultimately deliver functionalized butyrolactone products (upon lactonization of the alkylated alcohol). The outlined bond-weakening strategy enables selective alkylation of α-hydroxy C−H bonds in the presence of much weaker C−H bonds, such as allylic and α-acyl C−H bonds. The protocols outlined in this section highlight that photoredox catalysis can be used in concert with both covalent and noncovalent organocatalytic activation modes to achieve previously elusive synthetic transformations. In addition, highly enantioselective protocols have been developed using these approaches despite the anticipated difficulty of rendering radical reactions stereoselective due to elongated bonds in the transition state. Moreover, we propose that by exploiting noncovalent interactions, highly selective methods for the activation of native functionality, such as simple C−H bonds, in complex molecular settings are likely to be achievable, thereby facilitating the development of methods for late-stage functionalization.
■ METALLAPHOTOREDOX CATALYSIS
The wealth of synthetic transformations developed through the combination of photoredox catalysis and organocatalysis demonstrates the powerful nature of dual catalytic methods, whereby the unique reactivity of different activation modes can be harnessed to enable novel bond disconnections. In this regard, a new catalysis platform has recently emerged which combines photoredox catalysis with transition metal catalysis. This rapidly developing subfield, which is now termed "metallaphotoredox catalysis", further highlights the breadth of distinct reaction manifolds that can be accessed via multicatalytic strategies. It is not an overstatement to say that the field of organic chemistry has been revolutionized over the last half century by the development of metal-mediated crosscoupling technologies, and many of the resulting transformations have become indispensible to organic chemists. 83 Considering the importance of transition metal catalysis, it is perhaps unsurprising that metallaphotoredox catalysis, which allows access to distinct organometallic mechanistic pathways, Perspective has gained such considerable attention. Indeed, since an early report by Sanford in 2011, 84 there have been over 50 publications combining photoredox catalysis with transition metal catalysis. Herein, we will discuss key catalytic methodologies which demonstrate how this approach can facilitate disfavored reaction pathways, with particular emphasis on transformations where challenging C−C and C−X bond disconnections are accomplished.
The diverse reactivity of transition metal catalysts stems from their propensity to occupy various oxidation states and this critical feature enables them to interact with a broad array of coupling partners. In most cases, transition metal-catalyzed reactions proceed through a series of two-electron redox events (i.e., M n to M n+2 ). 85 However, recent advances combining photoredox catalysis with this reaction manifold has enabled facile single-electron modulation of catalyst oxidation states. Using this approach, reactive high-valent catalyst species can be formed thereby enhancing the rate of subsequent mechanistic steps (e.g., reductive elimination, vide infra) or increasing the reactivity of the catalyst toward a particular coupling partner (e.g., see Scheme 20). In addition, manipulation of the oxidation state can facilitate regeneration of the active catalyst, thereby enabling catalytic turnover. Photoredox catalysts can modulate the oxidation state of transition metal catalysts via a number of different mechanisms, such as by (i) a direct singleelectron transfer event between the catalysts, (ii) oxidative/ reductive generation of a radical coupling partner which can intercept the transition metal, or (iii) oxidative/reductive generation of a radical species which can undergo SET with the metal catalyst. Methodologies that proceed via either one or a combination of these mechanistic pathways are discussed in the subsequent sections.
■ METALLAPHOTOREDOX CATALYSIS: C−C BOND FORMATION
The first example of photoredox catalysis being used in conjunction with transition metal catalysis was reported by Osawa in 2007. 86 Here, the efficiency of Pd-catalyzed Sonogashira reactions was shown to significantly increase in the presence of [Ru(bpy) 3 ](PF 6 ) 2 and visible light. The role of the photocatalyst was not elucidated and, consequently, the significance of combining photoredox and transition metal catalysis was not fully appreciated until the seminal report of Sanford and co-workers four years later. In this latter study, directed C−H arylations using aryldiazonium salts were accomplished by employing a dual photoredox Pd catalyst system under irradiation with a household visible light source (Scheme 19a). 84, 87 In the proposed mechanism, the photocatalyst is implicated in two key steps: (i) reduction of the aryldiazonium salt to generate an aryl radical and (ii) oxidation of the Pd(III)−aryl species (50) via a direct SET event. Together, these two steps facilitate the generation of Pd(IV)− aryl species 51 which can undergo reductive elimination to deliver the biaryl products. 88 Previous Pd-catalyzed C−H arylation protocols required elevated temperatures (∼100°C ); 89 however, under the outlined dual photoredox Pd catalysis conditions, C−H arylation proceeded in an efficient manner at ambient temperature.
Rueping and co-workers exploited this reactivity in the development of Pd-catalyzed intramolecular C−H olefinations which, in the absence of previously required superstoichiometric strong oxidants, delivered indoles from aromatic enamines (Scheme 19b). 90 Here, the photocatalyst is proposed to facilitate reoxidation of the generated Pd(0) catalyst by either direct SET or through reductive generation of superoxide. Subsequently, Rueping demonstrated that photoredox catalysis could also aid Ru-and Rh-catalyzed oxidative Heck reactions in a mechanistically analogous manner. 91, 92 Inspired by the work of Sanford, the Glorius and Toste laboratories have demonstrated that light-mediated generation of aryl radicals from aryldiazonium salts could also be harnessed in dual photoredox Au-catalyzed protocols to accomplish oxy-/ amino-arylation of alkenes and arylative ring expansions, respectively (Scheme 20). 93, 94 Experimental and computational mechanistic studies support the generation of cationic Au(III)− aryl species 52, which can then engage the alkene to ultimately deliver the arylated products. 94, 95 As illustrated in Scheme 20c, this strategy has been extended to arylative Meyer−Schuster Photoredox-mediated in situ generation of reactive Au(III) complex 52 both facilitates the subsequent substrate activation/ rearrangement steps and, perhaps more importantly, allows protodeauration termination, a more commonly observed pathway for Au(I)-or Au(III)-mediated reactions, to be replaced with a terminal aryl−C reductive elimination step.
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In 2012, Sanford demonstrated that photoredox catalysis could also be combined with Cu catalysis, and through the development of this dual catalytic system, efficient trifluoromethylation of boronic acids was achieved (Scheme 21). 100 The ability to install trifluoromethyl groups into complex molecules in a facile and selective manner is widely recognized as an important goal for synthetic chemists due to the favorable properties that these groups can impart to medicinally relevant compounds. 101 In pursuit of this goal, our laboratory demonstrated that generation of • CF 3 from CF 3 I could be achieved under mild conditions through the use of photoredox catalysis. 42 Sanford elegantly utilized this photoredox-mediated method for the generation of Our laboratory has long been interested in the concept of "switching on" a broad array of reaction pathways which are either inaccessible or present a significant challenge using conventional transition metal catalysis. In this regard, we recently focused our efforts on the merger of photoredox and Ni catalysis, cognizant that nickel may occupy a privileged position (vs second-row transition metals) due to its ability to readily undergo one-electron oxidation state changes.
85c,102 The realization of this dual catalysis strategy was reported concomitantly by the Molander group and the Doyle group in collaboration with our own lab. 103, 104 While using different radical precursors, both of these reports stem from development of the general catalysis platform outlined in Scheme 22a. Here, it was postulated that oxidation of the radical precursor (e.g., a carboxylic acid) by excited Ir(III) photocatalyst 55 facilitates generation of a nucleophilic radical coupling partner (57). Simultaneously, oxidative addition of a Ni(0) catalyst (58) into the aryl bromide generates Ni(II)−aryl species 59, which can intercept the C-centered radical, thereby accessing Ni(III) complex 60.
105 At this stage, reductive elimination delivers the cross-coupled product, and subsequent SET from Ir(II) species 56 to Ni(I) complex 61 closes both catalytic cycles. While elegant work from the Weix group has demonstrated that the addition of alkyl radicals to analogous Ni(II)−aryl species can be used to accomplish reductive crosselectrophile coupling, 106 the strategy outlined in Scheme 22 offers a complementary, redox-neutral approach which, in turn, facilitates the use of nontraditional cross-coupling reaction partners.
A key aspect of our design plan was the use of carboxylic acids as the nucleophilic coupling partner. As previously discussed, decarboxylative generation of C-centered radicals has found widespread utility in photoredox-mediated technologies (see Scheme 7), and it was anticipated that interfacing this activation mode with transition metal cross-coupling would significantly expand the utility of this reaction platform. Indeed, by employing carboxylic acids in the outlined photoredox Ni dual catalysis manifold we have shown that these abundant, feedstock chemicals can be used in lieu of more traditional, prefunctionalized organometallic coupling partners. Considerable research efforts from Gooßen and others have focused on the development of decarboxylative transition metalcatalyzed protocols, and although significant advances have been made, the majority of these methodologies have focused on the utilization of aryl carboxylic acids. 107 As previously discussed (see Scheme 1c), photoredox-mediated decarboxylations to generate C-centered radicals have been reported by the groups of Okada 12, 13 and Overman 108 using redox-active, carboxylic acid derived N-(acyloxy)phthalimides via a complementary net reductive strategy. We were pleased to note that the value of our decarboxylative-nickel cross-coupling strategy has not gone unrecognized. Indeed, the Baran and Weix laboratories have recently developed elegant variants using Okada's redox-active esters in combination with organozinc nucleophiles. 109 In addition to carboxylic acids, we have shown that α-amino C−H bonds of N-arylamines can be used as handles for cross-coupling in the outlined photoredox Ni catalysis methodology. Here, α-amino radicals are generated via an oxidation−deprotonation sequence (see Scheme 5) . With respect to the concurrent publication from the Molander laboratory described above, trifluoroborates salts were chosen as nucleophilic coupling partners, a system that has a broad range of synthetic utility.
The number of cross-coupling protocols that have been rapidly developed based on this catalysis platform demonstrates the broad applicability of this metallaphotoredox strategy (Scheme 22 The Journal of Organic Chemistry Perspective catalyzed cross-couplings. While preformation of the silicates from the corresponding trimethoxysilanes is required, a notable feature of this methodology is the ability to couple unstabilized primary and secondary radicals in excellent yield. In addition, whereas other radical precursors require the presence of a base, these silicate derivatives undergo oxidation and generation of the C-centered radical under neutral or even mildly acidic conditions. As such, unprotected amines, a useful functional handle, can be incorporated directly using ammonium silicate precursors in this cross-coupling protocol. In a similar vein, our laboratory has demonstrated that dual photoredox Ni catalysis can enable decarboxylative arylations and vinylations of α-oxy, α-amino, and benzylic acids. 116 In collaboration with the Fu group, we have accomplished the decarboxylative arylation of α-amino acids with useful levels of enantioselectivity via the development of an appropriate chiral Ni catalyst system (Scheme 22c). 117 The generality of this photoredox-mediated strategy was exemplified by extending the scope to α-oxo acids whereby, upon decarboxylation, an acyl radical is generated. By combining this activation mode with Ni catalysis, aryl ketones could be generated in high yields. 118 It is worth noting that, following this publication, Fu and Shang demonstrated that aryl ketones could also be generated through the merger of photoredox catalysis with Pd catalysis and this transformation likely proceeds via a similar mechanistic pathway. 119 In addition, Wang and co-workers revealed that aryl ketones can be generated by combining photoredox-mediated acyl radical generation with directed Pd-catalyzed C−H activation. 120 The utility of decarboxylative metallaphotoredox catalysis for intramolecular C−C bond-forming protocols was highlighted with the development of a CO 2 extrusion−recombination strategy. Here, oxidative addition adjacent to a carboxylate group can initiate intramolecular fragment couplings via a photoredox-mediated decarboxylation and recombination sequence. Using this design plan, we showed that anhydrides, generated in situ from carboxylic acids and acid chlorides, underwent extrusion of CO 2 to deliver aliphatic ketones (Scheme 23a). 121 Subsequently, dual photoredox Ni-mediated acylation of N-arylamines was demonstrated by the Doyle group using anhydrides or thioesters as the acyl donor. 122 Moreover, Tunge and co-workers reported a dual photoredox Pd catalyst system for the decarboxylative allylation of α-amino and α-phenyl allyl esters (Scheme 23b). 123 Mechanistic studies indicated that, after oxidative addition and decarboxylation, recombination can occur though radical−radical coupling (upon reduction with the photocatalyst) or via a metalmediated pathway. Interestingly, experimental observations suggested that the operative pathway is dependent on the extent of stabilization of the incipient radical. Decarboxylative allylation of N-arylamines using allyl phosphates was later reported by Xiao and Lu utilizing a similar metallaphotoredox strategy. 124 An attractive feature of the outlined decarboxylative crosscoupling methodology is the capacity to use feedstock chemicals, such as amino acids, directly as coupling partners and without derivatization to specialized esters that require redox triggering. In this regard, we have endeavored to expand the repertoire of native functionality that can engage directly in cross-coupling. Through the development of a triple catalytic cross-coupling strategy combining photoredox, HAT, and nickel catalysis, we have demonstrated that C(sp 3 )−H bonds can be used as latent nucleophiles (Scheme 24). 125 As shown previously, hydrogen atom transfer catalysis represents a powerful tool for direct C−H functionalization and, through judicious choice of HAT catalyst, strong bonds can be selectively targeted over weak bonds (see Scheme 18) . Specifically, the use of 3-acetoxyquinuclidine (62), which generates a highly electrophilic radical cation (63) upon oxidation with an excited state photocatalyst, enabled the selective cross-coupling of hydridic C−H bonds to be achieved. Under the conditions outlined in Scheme 24, direct arylation of a broad range of α-amino, α-oxy, and benzylic C−H bonds could be achieved. In this transformation, the photoredox catalyst both modulates the oxidation state of the Ni catalyst and mediates oxidation of amine 62 to radical cation 63, thereby controlling turnover of both catalytic cycles.
Recently, our laboratory has also exploited silyl radicalmediated halogen atom abstraction as a means to generate carbon-centered radicals from alkyl halides. The resultant radical can subsequently be utilized in nickel-catalyzed crosscouplings (Scheme 25). 126 This mechanistically distinct transformation proceeds via initial oxidation of bromide to bromine radical by the highly oxidizing excited state of an iridium photocatalyst (55) . The electrophilic bromine radical is then primed to abstract a hydrogen atom from tris-(trimethylsilyl)silane (TTMSS). The resultant silyl radical can then abstract a halogen atom from the alkyl halide coupling partner, delivering a carbon-centered radical and generating a strong silicon−halogen bond in the process. The generated Ccentered radical can then engage in nickel-catalyzed crosscouplings in a comparable manner to the other methodologies discussed in this section (vide supra).
■ METALLAPHOTOREDOX CATALYSIS: C−X BOND FORMATION
A key feature of the C−C bond-forming methodologies outlined in the previous section is that, in general, the photocatalyst is responsible for both modulating the oxidation state of the transition metal catalyst and for (directly or indirectly) facilitating generation of a radical species that can intercept the metal. Recently, we questioned whether the photoredox catalyst could modulate the oxidation state of the transition metal alone and, in turn, provide entry to oxidation states that are not readily accessible under nonredox conditions. In turn, we anticipated that generating high valent metal species could facilitate kinetically unfavorable mechanistic pathways that are not currently viable under thermal control. In order to test this general oxidation state modulation concept, we targeted a Ni-catalyzed etherification reaction. Both computational 127 and experimental studies 128 demonstrated that C−O bond formation from a Ni(II) species is thermodynamically "uphill". However, notably, Hillhouse and co-workers conducted stoichiometric studies which suggested that oxidation to a Ni(III) species enables reductive elimination to take place. 128 Indeed, in the presence of a photocatalyst and visible light, high efficiencies were observed for the coupling of aryl bromides with primary and secondary alcohols. 129 In the absence of light and/or photocatalyst, no product was observed, and the proposed mechanism for this transformation is outlined in Scheme 26a. Here, upon oxidative addition of the aryl halide and ligand exchange with the alcohol, Ni(II) species 64 is generated. At this stage, reductive elimination is disfavored. However, after oxidation by the excited Ir(III) photocatalyst (55), reductive elimination from Ni(III) complex 65 occurs in a facile manner to generate the C−O coupled product. The catalytic cycles are both closed via a SET event between photocatalyst 56 and Ni catalyst 61. This proposal was supported by mechanistic studies and the outlined transformation demonstrates the ability of photoredox catalysis to "switch on" inaccessible organometallic reaction pathways.
Using a similar rationale, the Jamison laboratory concurrently developed a dual photoredox Ni-mediated protocol for the synthesis of indolines from iodoacetanilides (Scheme 26c). 130 Under standard Ni-catalyzed conditions, low reactivity was observed and it was anticipated that C−N bond formation was the problematic step. In mechanistic studies similar to those conducted in our laboratory for the etherification reaction, it was observed that reductive elimination from stoichiometrically generated Ni(II) complexes only occurred upon exposure to an oxidant. More recently, in collaboration with the Buchwald laboratory and the Merck process division, our group has developed a general protocol for Ni-catalyzed C−N crosscouplings which, by employing a photocatalyst and visible light, proceed under mild conditions without the need for exogenous ligand or strong base (Scheme 26d). 131 The broad generality and high efficiency of Pd-catalyzed Buchwald−Hartwig reactions, arguably one of the most important cross-coupling methodologies, stems from the elegant design of ligands which destabilize the metal center, thereby facilitating C−N reductive elimination. 132 Utilizing metallaphotoredox catalysis, we have demonstrated a complementary destabilization strategy whereby modulation of the oxidation state of the nickel center allows Ni-catalyzed C−N couplings to proceed in a highly efficient manner, with broad substrate scope and without the requirement of ligand design or development.
Scheme 25. Silyl Radical Activation of Alkyl Halides for Cross-Electrophile Couplings
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In addition to Ni-catalyzed processes, reports by Kobayashi 133 and You and Cho 134 have demonstrated that both copper and palladium-catalyzed C−N couplings can benefit from combination with photoredox catalysis. In the former case, the efficiency and substrate scope of Cu-catalyzed Chan−Lam couplings were significantly improved by employing a photocatalyst and visible light. You and Cho demonstrated that dual photoredox Pd catalysis can facilitate the synthesis of carbazoles via a intramolecular C−H amination reaction. In both of these oxidative processes, it was postulated that the photocatalyst provides access to higher oxidation state metal complexes, Cu(III) and Pd(III)/Pd(IV) respectively, thereby enhancing the C−N bond-forming step.
Recently, both the Molander laboratory 135 and Johannes and Oderinde, 136 scientists at AstraZeneca described C−S coupling protocols that rely on the combination of photoredox and nickel catalysis (Scheme 27). In contrast to the C−N coupling studies by our laboratory and that of Jamison, these protocols are proposed to proceed via generation of a thiyl radical which can then intercept the nickel catalytic cycle (in a similar manner to the C-centered radical in Scheme 22a). Johannes and Oderinde demonstrated that thiyl radicals could be generated through an oxidation-deprotonation sequence by using a sufficiently oxidizing Ir(III) photocatalyst and pyridine as base. In Molander's protocol, an alkylbis(catecholato)silicate was employed as the hydrogen atom abstractor. As discussed previously, oxidation of these silicates through SET with a photocatalyst generates C-centered radicals (see Scheme 22b), and in the C−S coupling protocol developed by Molander, the generated radical is proposed to undergo a HAT event with the thiol to deliver the required thiyl radical. Prior to these studies, Lu and Xiao showed that arylation of diarylphosphine oxides could be accomplished using a dual photoredox Ni catalyst system through in situ generation of a P-centered radical. 137 In the oxidative C−N cross-coupling methodologies reported by the Kobayashi laboratory and You and Cho (vide supra), molecular oxygen is the terminal oxidant which facilitates turnover of the catalytic cycles. 133, 134 Recently, Wu and Lei designed a dual photoredox cobalt catalyst system for the oxidative thiolation of C−H bonds that requires no external oxidant or proton acceptor and delivers hydrogen as the only byproduct (Scheme 28). 138 In the presence of a Ru(II) photocatalyst (13), a Co(II) catalyst and visible light, benzothiazoles were generated in high yields. The proposed mechanism involves initial photoexcitation of photocatalyst 13 to the oxidizing excited state 14 which can accept an electron from anion 70, thereby generating S-centered radical 71. Subsequent cyclization of radical 71 onto the pendant arene delivers 72. Simultaneously, Ru(I) photocatalyst 15 undergoes SET with Co(III) complex 69 to regenerate Ru(II) catalyst 13 and afford Co(II) catalyst 66. Complex 66 can then be further reduced by radical 72 to deliver Co(I) 67 and cation 73. Finally, upon rearomatization of 73 to deliver the cyclized product, protonation of Co(I) 68 enables regeneration of Co(III) catalyst 69 with concomitant evolution of hydrogen. This strategy has also been applied to the C−H functionalization of N-arylamines and isochromans with β-keto esters.
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While this catalysis mode is currently limited to substrates The Journal of Organic Chemistry Perspective which can be oxidized by the photocatalyst, the extremely mild conditions under which acceptorless dehydrogenation can be achieved is notable.
The remarkable breadth of transformations outlined in this section, along with the rapid timeline of development, illustrates the powerful nature of metallaphotoredox catalysis. The interaction between photoredox catalysts and transition metal catalysts via single-electron transfer enables formerly inaccessible or challenging mechanistic pathways to be explored. There can be no question that this area will continue to grow at a dramatic pace over the next few years.
■ PHOTOREDOX LEWIS ACID CATALYSIS
Dual catalytic methods that combine light-mediated SET with a second mode of catalysis are synonymous with the growth of photoredox catalysis as a field in the modern era. Indeed, early reports from Yoon and our laboratory in 2008 demonstrated that photoredox could be successfully combined with Lewis acid catalysis and organocatalysis, respectively. 14, 15 Since then, Yoon and others have sought to exploit the unique reactivity that can be accessed using dual photoredox Lewis acid catalysis. Importantly, these studies have demonstrated that Lewis acids that successfully function in these transformations can play a number of different roles. For example, coordination of the Lewis acid catalyst to a Lewis basic carbonyl or imine can facilitate reduction to the corresponding radical anion by decreasing the reduction potential of the π-system in question.
14 Moreover, the resultant radicals can also be stabilized by the Lewis acid catalyst, thereby suppressing back-electron transfer.
9c Alternatively, the role of the Lewis acid catalyst can be independent from photoredox-mediated radical formation; for example, coordination to Lewis basic substrates has been shown to enhance the rate of nucleophilic radical addition in much the same manner that Lewis acids can facilitate two-electron conjugate additions (vide infra). A third possibility is that the Lewis acid catalyst interacts directly with the photocatalyst. In this regard, Lewis acid catalysts have been shown to stabilize reduced photocatalysts, thereby slowing down the rate of back-electron transfer. 140 Finally, coordination between the photocatalyst and the Lewis acid can also serve to modulate the redox properties of the photocatalyst excited state. As discussed previously, Yoon demonstrated that bis-(enones) undergo intramolecular [2 + 2] cycloadditions when exposed to a dual photoredox Lewis acid catalyst system (see Scheme 2a). 14 In the proposed mechanism, there are three key reaction components required to mediate the formation of cycloadduct 77; the photocatalyst (13), the Lewis acid catalyst, and a tertiary amine base (Scheme 29). The photoexcited Ru(II) catalyst (14) undergoes reductive quenching with the tertiary amine base, i-Pr 2 NEt, to deliver Ru(I) photocatalyst 15. Coordination of the Lewis acid catalyst to bis(enone) 74 activates the substrate toward single-electron reduction by the highly reducing Ru(I) species (15), thereby regenerating the Ru(II) ground state (13) . Cyclization of radical 75 delivers ketyl radical 76 and subsequent SET with either the tertiary amine radical cation or a different molecule of the bis(enone) starting material (74) then delivers the desired [2 + 2] cycloadduct (77) .
The design principles used to develop the outlined [2 + 2] cycloaddition methodology have been applied to the development of a wide range of related Lewis acid-mediated protocols. In particular, Yoon has shown that modulation of the strength of the Lewis acid facilitates activation of different types of Lewis basic carbonyl substrates. Consequently, in addition to intermolecular [2 + 2] cycloadditions, 142 Yoon has demonstrated that [3 + 2] cycloadditions involving cyclopropyl ketones provides access to related 5,5-cycloadducts (Scheme 29b). 143 Here, a stronger Lewis acid was required to facilitate efficient generation of the ketyl radical and this intermediate could then undergo cyclopropane ring opening and cyclization onto a variety of alkene/alkyne acceptors. Xia and co-workers demonstrated that chalcones exhibit different reactivity in intermolecular dimerization reactions compared with the [2 + 2] cycloaddition pathway reported for alkyl-substituted enones (Scheme 29c). Under visible light irradiation, in the presence of a photoredox Lewis acid catalyst system, chalcones undergo reductive dimerization to deliver cyclopentanols. These products are proposed to form via radical anion dimerization, followed by protonation and aldol cyclization. 144 Yoon and coworkers also observed divergent reactivity when bis(enones) with an extended tether length were exposed to dual photoredox Lewis acid catalysis conditions (Scheme 29d). 145 In this case, radical anion hetero-Diels−Alder cycloaddition adducts were formed in lieu of the expected [2 + 2] cycloaddition adducts.
In addition to demonstrating that Lewis acid catalysts can modulate the reduction potential of enones to induce electron transfer, Yoon has also demonstrated that chiral Lewis acid complexes can impart stereocontrol in intermolecular [2 + 2] cycloadditions (Scheme 30). 146 Utilizing Eu(OTf) 3 with dipeptide-derived chiral ligand 78 led to formation of the 1,2-trans-isomers of the [2 + 2] cycloadducts (80) with high levels of enantiocontrol. Interestingly, by simply switching to saturated dipeptide ligand 79, the 1,2-cis-isomers of the products (81) were generated preferentially. In this protocol, the requirement of the Lewis acid for both reactivity and stereoselectivity prevents detrimental racemic background cycloadditions from occurring and, consequently, both isomeric products were generated in a highly enantioselective manner.
More recently, Yoon has demonstrated that the previously discussed [3 + 2] cycloadditions involving cyclopropyl ketones (see Scheme 29b) can be rendered both intermolecular and asymmetric through the use of Gd(OTf) 3 ligated with a chiral PyBox-derived ligand as the Lewis acid catalyst. 147 Dual photoredox Lewis acid-catalyzed reactions have also been developed in which the Lewis acid catalyst is not directly involved in the radical generation/stabilization events. 148 In this regard, catalytic protocols which utilize Lewis acids to enhance the rate of radical trapping have been reported. 149 Of particular note is a report by Yoon and co-workers demonstrating that conjugate additions of α-amino radicals can be rendered asymmetric through the use of a chiral i-BuPyBox-ligated Lewis acid catalyst (Scheme 31a). 33 Here, photoredox catalysis mediates generation of the α-amino radical and the Lewis acid complex controls stereoselectivity in the subsequent addition step. Recently, Meggers and co-workers reported a similar dual photoredox Lewis acid-catalyzed conjugate addition reaction that utilizes organotrifluoroborate salts as the source of The Journal of Organic Chemistry Perspective the alkyl radical coupling partner (Scheme 31b). 150 In this protocol, an organic dye was employed to mediate formation of the requisite alkyl radical and high levels of enantioselectivity were achieved using complex (Λ)-Rh−S, a Lewis acid catalyst that is chiral at the Rh center.
While the methodologies outlined in this section proceed through a number of mechanistically distinct pathways, a common feature for all these protocols is the use of a dual catalyst system composed of separate Lewis acid and photocatalyst components. Using a conceptually distinct approach, Meggers and co-workers have recently demonstrated that chiral Ir and Rh complexes, such as (Λ)-Ir−S and (Λ)-Rh−O, can function as both the Lewis acid catalyst and the photocatalyst precursor for a number of asymmetric transformations. In the initial report from Meggers, (Λ)-Ir−S was demonstrated as a competent catalyst for enantioselective alkylations of 2-acyl imidazole substrates (Scheme 32a). 151 The proposed mechanism involves initial complexation of the 2-acyl imidazole substrate to the (Λ)-Ir−S complex through displacement of the labile acetonitrile ligands, followed by deprotonation of 82 to Ir(III)−enolate complex 83. In parallel, irradiation of a different molecule of the photoactive Ir complex, identified as complex 83 through mechanistic studies, delivers an excited Ir(III) photocatalyst which can reduce the alkyl bromide coupling partner to deliver an alkyl radical. Subsequent trapping of the alkyl radical by enolate 83 generates ketyl radical 84 which can then be oxidized by the Ir(IV) state of photocatalyst 83 to generate the catalyst-bound alkylated product (85) . Complex 85 then undergoes ligand metathesis with another equivalent of substrate to regenerate complex 82 and deliver the desired product. In this reaction complex (Λ)-Ir−S functions as the Lewis acid catalyst, the precursor to photoactive Ir(III)−enolate complex 83 and is the source of chiral information in the enantiodetermining C−C bondforming step. Using this design strategy, enantioselective trichloromethylations of 2-acyl imidazoles and pyridines have also been developed (Scheme 32b). 152 In addition to redox-neutral C−H functionalizations, Meggers has demonstrated that enantioselective net oxidative α-amino alkylations with α-silylamines 153 or tertiary amines 154 can be readily accomplished (Scheme 32c). In both of these protocols, oxygen is the terminal oxidant and in situ generation of an iminium ion is followed by trapping with the Lewis acidbound enolate. Notably, the oxidative protocol outlined in Scheme 32c is catalyzed by a Rh(III) photoactive complex (derived from (Λ)-Rh−O), and this represents the first report of photomediated tertiary amine oxidation using a Rh(III) complex. Finally, Meggers has demonstrated that stereocontrolled radical−radical coupling reactions can be achieved using chiral (Λ)-Ir−S as both the Lewis acid catalyst and photoredox catalyst precursor (Scheme 32d). 155 This transformation represents a rare example of an enantioselective radical−radical coupling reaction (also see Scheme 11) and demonstrates the strength of utilizing a catalytic system wherein substrate reactivity is intrinsically linked with complexation to the asymmetric catalyst. Prior to these reports, the majority of visible light-mediated asymmetric protocols relied on using dual catalytic systems. The Meggers studies have elegantly demonstrated the opportunity for developing highly stereoselective monocatalytic photoredox protocols.
■ APPLICATIONS OF PHOTOREDOX CATALYSIS
Over the past eight years, the field of photoredox catalysis has experienced rapid growth, resulting in the development of a wide array of novel synthetic methodologies. Recent advances offer synthetic chemists novel bond disconnections and can provide protocols for the direct derivatization of native functional groups, such as C−H bonds and carboxylic acids. In addition, photoredox-catalyzed reactions generally proceed under extremely mild reaction conditions and this feature renders these technologies amenable to a large range of structurally and functionally diverse molecules. As such, it is not surprising that these methodologies have found utility in the synthesis of natural products and medicinally relevant compounds. 156 Initial reservations about the scalability of these protocols due to the inherent relationship between reaction efficiency and photon penetration have been addressed
Scheme 32. Enantioselective Photoredox Protocols Mediated by Chiral Ir and Rh Catalysts
The Journal of Organic Chemistry Perspective by the successful translation of batch photoredox-catalyzed reactions into large-scale flow protocols. Consequently, these technologies are now gaining considerable interest from industrial chemists both in the context of small-scale synthetic applications, such as late-stage functionalization in medicinal chemistry, and for large scale production of intermediates using flow. Herein, we will discuss key reports which highlight the utility of photoredox catalysis in the synthesis of complex molecular scaffolds and the application of this catalysis platform to medicinal chemistry.
Natural Product Synthesis. For many years, photochemical transformations have found widespread use in natural product synthesis due to the ability to access unusual modes of reactivity that are often thermally disallowed. 1 While the field of modern photoredox catalysis is comparatively new, this mode of photoactivation can offer some distinct advantages in the context of natural product synthesis. In particular, the use of visible light rather than UV light enables selective excitation of the photoredox catalyst in preference to most organic molecules. Consequently, the use of a low energy light source can prevent detrimental substrate/product degradation pathways from occurring in structurally complex molecules with sensitive functionality. Recently, a number of groups have demonstrated that photoredox catalysis can facilitate the construction of complex molecules by enabling previously challenging bond disconnections.
Yoon and co-workers have demonstrated that photoredox catalysis can facilitate thermally disfavored cycloaddition reactions through the generation of radical cation intermediates. 157, 158 Using this strategy, electron-rich dienes and dienophiles underwent efficient [4 + 2] cycloadditions, wherein oxidation of the dienophile component to a radical cation enabled these electronically mismatched Diels−Alder reactions to proceed. The outlined radical cation cycloaddition methodology was applied toward the synthesis of heitziamide A (Scheme 33a). Here, electron-rich dienophile 86 and diene 87 underwent efficient cyclization upon exposure to visible light and a photocatalyst. The corresponding cycloadduct could then be converted to the natural product in four steps. Notably, under thermal conditions, the diene/dienophile fragments corresponding to the natural product (not shown) underwent cyclization to deliver the unnatural regioisomer of heitziamide A. This result highlights the reversal in reactivity exhibited by the radical cation in comparison to the parent alkene. As previously mentioned, Nicewicz has also exploited photoredoxmediated alkene radical cation generation in the context of developing novel cycloaddition manifolds (see Scheme 14) . The development of polar radical crossover cycloaddition reactions involving alkenes and unsaturated acids enabled the synthesis of a range of substituted γ-butyrolactones, and this methodology was successfully applied to the synthesis of racemic methylenolactocin and protolichesterinic acid. In 2011, Stephenson demonstrated that (+)-gliocladin C could be synthesized by employing photoredox catalysis to facilitate the key indole-pyrroloindoline coupling step (Scheme 33b). 159 Seminal studies by the same laboratory had demonstrated that reductive dehalogenation of bromopyrroloindolines could be accomplished under mild conditions upon exposure to visible light and a photoredox catalyst (see Scheme 2c). 16 It was anticipated that the intermediate benzylic radical could be trapped with an indole. While unsubstituted indoles coupled to give the undesired C3−C2′ regioisomer, substituted indole 88 coupled efficiently to give the desired C3−C3′ regioisomer 89 in 82% yield. The realization of this coupling A second-generation synthesis of (−)-aplyviolene was reported by Overman in 2012, and in that publication, development of a photoredox-catalyzed conjugate addition reaction resulted in significant streamlining of the synthetic route (vs the first-generation approach).
108a, 160 Reductive photoredox-mediated fragmentation of (N-acyloxy)phthalimide 90 generates a tertiary radical species which can intercept enone 91 to generate adjacent quaternary and tertiary stereocenters with high levels of diastereocontrol (Scheme 33c). Interestingly, Overman reported that an analogous conjugate addition with an organocuprate delivered exclusively a product that was epimeric at the quaternary stereocenter. 161 This elegant synthesis highlights the capacity of radical nucleophiles to exhibit distinct reactivity vs organometallic intermediates and generate challenging, sterically encumbered bonds.
Medicinal and Process Chemistry. While the scope of new synthetic methodologies is often examined using a range of relatively simple reaction partners, several academic groups have recently looked to apply their technologies toward the synthesis of more complex, druglike compounds to probe their generality. For example, Koike and Akita 162 along with our laboratory 38 demonstrated that photoredox-catalyzed conjugate additions of α-amino radicals could be applied toward the concise racemic syntheses of baclofen and pregabalin, respectively. In a collaboration with Eli Lilly, Stephenson demonstrated that photoredox-mediated coupling of Nmethylmorpholine with pyridazine 92 provides rapid access to an intermediate in the synthesis of JAK2 inhibitor LY2784544 (Scheme 34a). 163 Here, a range of analogues could be readily synthesized by simply employing different tertiary amine coupling partners. In addition, recent advances from our group in the field of metallaphotoredox has enabled the rapid construction of medicinally relevant compounds such as fenofibrate 118 and edivoxetine·HCl 121 (Scheme 34b). In a more general sense, the development of new methodologies that facilitate the construction of challenging C−C and C−heteroatom bonds in a robust and reliable manner over a broad range of substrates is highly desirable. Merck laboratories have developed a strategy for reliably evaluating and comparing transition metal-catalyzed crosscoupling methods by using chemistry informer libraries. 164 The libraries consist of a representative range of complex, pharmaceutically relevant coupling partners, such as boronic acids and aryl halides. Screening catalytic conditions against these libraries provides rapid insight into the scope and limitations of a methodology. In order to evaluate the generality of our recently reported photoredox Ni-catalyzed C−N crosscoupling protocol (see Scheme 26d), Merck laboratories submitted a chemistry informer library of druglike aryl halides to photoredox Ni amination conditions, with piperidine as the amine coupling partner. 131 This study revealed that 78% of the aryl halides underwent successful coupling. Given the importance of C−N cross-coupling to medicinal chemists, we were pleased to find that this result represents one of the highest success rates observed by Merck for a single aryl amination protocol and again serves to highlight the applicability of photoredox catalysis in an industrial setting.
Late-stage functionalization is an important strategy within drug discovery and enables medicinal chemists access to derivatives of drug candidates in a highly expeditious manner. The unique ability of photoredox catalysis to generate reactive radical intermediates under exceptionally mild conditions makes it suitable for late-stage functionalization of complex druglike molecules. In this regard, direct functionalization of C−H bonds represents an ideal solution as such bonds will be present in almost all drug candidates. In 2011, our group developed a method for direct C−H trifluoromethylation of arenes and heteroarenes. 165 Utilizing this methodology, a variety of biologically active compounds could be functionalized in high yields and the site selectivity of this protocol highlighted the metabolically susceptible positions on the arene substrate. Notably, Lipitor, one of the best-selling drugs of all time, underwent functionalization at three distinct positions (Scheme 35a).
In a subsequent report, DiRocco and co-workers, scientists at Merck Research Laboratories, demonstrated that direct C−H alkylation of heteroarenes could be achieved under photoredox catalysis conditions by utilizing peroxides as the source of alkyl radical (Scheme 35b). 166 Under the optimized conditions, methylation, ethylation and cyclopropanation of a range of medicinal and agrochemical agents could be achieved. By leveraging dual photoredox HAT catalysis, our group has demonstrated that simples alcohols can also be used as alkylating agents for heteroaromatic compounds and this protocol is driven by a key spin-center shift event (see Scheme 18) . 77 This methodology was successfully applied to the alkylation of the medicinal agents fasudil and milrinone. More recently, Nicewicz demonstrated that direct C−H amination of druglike molecules could be achieved using his previously discussed dual photoredox HAT protocol (see Scheme 15) . 69 This late-stage functionalization strategy differs from the The Journal of Organic Chemistry Perspective previously discussed methods as, instead of direct radical addition onto the aromatic ring, generation of the arene radical cation enables addition of a closed-shell nucleophile (Scheme 35c). Together, these reports highlight the applicability of photoredox catalysis to late-stage functionalization and indicate that the outlined methods could be used as tools for alkylation, trifluoromethylation, and amination of druglike compounds.
One of the most attractive features of photoredox catalysis is the capacity to readily convert visible light into chemical energy. Recently, chemists have striven to optimize the efficiency of photoredox-mediated reactions by increasing photon penetration to the reaction medium. This factor becomes increasingly important when reactions are conducted on a large scale and the potential issues associated with large-scale batch chemistry can be circumvented through the translation of photoredox catalysis into flow. Many different types of photoredox-mediated reactions have been demonstrated in flow and, in general, considerably higher reaction efficiencies are observed vs a batch setup. 167 For medicinal chemists, smallscale batch reactions are often sufficient for obtaining compounds for testing in a drug discovery program. However, process chemists require reliable and robust methods for generating chemicals on a large scale and continuous flow technologies are ideally suited for this purpose (Figure 4) . In this regard, there have been a number of recent reports demonstrating the translation of industrially relevant photoredox-mediated protocols from batch to large-scale flow setups.
A new protocol for the C−H trifluoromethylation of arenes was developed through a collaboration between Stephenson and Eli Lilly. 169 Here, the key goals were to develop a scalable and inexpensive trifluoromethylation protocol that was operationally simple. Consequently, a method was developed which uses low-cost trifluoroacetic anhydride as the CF 3 source, with pyridine N-oxide as a sacrificial redox auxiliary. A wide variety of functionalized products could be generated and the reactions could be successfully scaled up to 5 g in a batch setup. Subsequently, Stephenson compared the reaction efficiency of the trifluoromethylation of N-Boc pyrrole in batch and flow and found the reaction was significantly more efficient in the latter, generating 3.33 g of product per hour (vs 17.8 g over 15 h for batch) (Scheme 36a). The reaction was also scaled up to 100 g scale in batch and, although the reaction took 62 h, a 35% yield of the desired product was still obtained (vs 57% yield on 18 g scale). More recently, the Knowles group has collaborated with scientists at Merck to develop a photocatalytic dehydrogenation protocol for the synthesis of elbasvir, a NS5A antagonist for the treatment of hepatitis C. 170 Through these studies, a photoredox-mediated method was developed which enabled a high yield of indole 93 to be obtained with no erosion in the enantiopurity of the product (Scheme 36b). Mechanistic studies indicated that this reaction proceeds via a radical chain mechanism. Notably, the reaction could be scaled to 100 g using a flow system and high efficiency was observed (85% yield) with a throughput of 20 g/h. These reports demonstrate the applicability of continuous flow setups to large-scale photoredox reactions and highlight the potential for the use of photoredox-catalyzed methodologies on process scale. Over the span of just eight years, the field of modern photoredox catalysis has experienced significant growth and a wide array of new activation platforms and synthetic transformations have been developed. Key to the development of these technologies is the ability of photoredox catalysts to efficiently convert visible light into chemical energy. In addition, through modification of the ligand backbone on metal polypyridyl photoredox catalysts, the redox properties of these complexes can be easily fine-tuned to suit almost any specific application. In a practical sense, the rapid uptake of photoredox catalysis by the chemical community stems from both the ease of reaction setup, using simple household light sources, and from the ability to access highly reactive radical intermediates from bench-stable precursors. Previous work focused on the generation and reactivity of C-centered radicals has been hindered by the toxicity of the tin reagents utilized as radical precursors. Recent advances in photoredox catalysis have demonstrated that a broad array of radical intermediates can be accessed from readily available chemicals such as carboxylic acids and halides and, in some cases, through direct homolysis of C−H bonds, thereby expanding the range of methods for native functionalization. In addition to providing new entries to the desired radical intermediates, photoredox catalysis has proven uniquely effective for the design of novel redox-neutral reaction manifolds. As a result of these characteristics, photoredox reactions have been developed which allow access to novel bond disconnections and facilitate the streamlining of synthetic strategies.
Despite these advances, we feel that the field of photoredox catalysis is still in its infancy with many exciting opportunities lying just around the corner. For example, the recent development of dual photoredox catalytic platforms has provided new activation modes that enable synthetic transformations to proceed in a highly regio-and enantioselective manner. These reports challenge the long-held belief that radical transformations are difficult to render enantioselective via asymmetric catalysis. In this regard, we anticipate that by leveraging dual catalytic strategies, such as the combination of photoredox with transition metal catalysis and hydrogen bonding catalysis, further development of highly enantioselective protocols will be possible. Moreover, dual photoredox organocatalysis has proven particularly effective for the development of methods for highly regioselective homolytic bond cleavage. Examples from the Knowles group and our own laboratory have demonstrated that hydrogen bonding catalysis can facilitate selective hydrogen atom transfer events. Of particular note is the development of multicatalytic strategies that enable direct, selective C−H functionalization, protocols that are attractive for the late-stage functionalization of druglike molecules. Studies in our laboratory have shown that the selectivity of organocatalytic HAT C−H functionalization protocols can be controlled by a combination of steric and electronic factors and, as a result, selective activation of hydridic C−H bonds can be achieved. Consequently, combined hydrogen bonding HAT catalysis platforms hold potential for targeting native functionality in a highly selective manner. One of the most recent modes of dual catalysis that has been developed is metallaphotoredox−the merger of photoredox catalysis and transition metal catalysis. This catalytic platform has gained significant attention from the synthetic community over the last four years due to the ability to modulate the oxidation state of the transition metal complex via photoredoxmediated radical generation or through direct SET events. As such, novel mechanistic pathways can be accessed that allow challenging C−C and C−X bonds to be formed.
To date, the ability of metal polypyridyl complexes and organic dye catalysts to facilitate triplet sensitization via an energy transfer process has not been extensively investigated. This mechanistic paradigm differs from photoredox catalysis in that molecules that cannot undergo redox chemistry with the excited state of the photocatalyst directly can instead be excited to their triplet state. This mechanistic manifold was utilized in the development of a copper photoredox-catalyzed C−N coupling protocol by the Kobayashi laboratory, and this report particularly highlights the potential of this strategy for the design of novel transition metal-catalyzed protocols. 171 The long-lived electronically excited states of the first-row transition metals can be difficult to access due to the quantum mechanically forbidden nature of intersystem crossing and the low degree of spin−orbit coupling. However, by utilization of a photocatalyst which readily accesses the triplet manifold and can subsequently transfer energy to a second metal catalyst, it should be feasible to "switch on" a range of mechanistic steps, which cannot be accessed in a traditional setting thereby enabling the development of novel reactions.
Considering these advances and the potential impact of further work in this field, the pharmaceutical industry has chosen to adopt these technologies at an unprecedented rate. Early work on their part has demonstrated that these catalytic platforms can be readily scaled up using flow technology. Given these successes we suspect that the surge of interest in photoredox catalysis will only lead to increased investigation and optimization of flow chemistry, as such we believe the future of these two fields remain intimately linked. In light of the advances in the field of photoredox catalysis we anticipate further adoption of this mode of catalysis in organic synthesis.
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